Abstract. The OCEANFILMS parameterization for sea-spray organic aerosol emissions has been implemented into a global Earth system model, the Energy Exascale Earth System Model (E3SM). OCEANFILMS is a physically-based model that links sea spray chemistry with ocean biogeochemistry using a Langmuir partitioning approach. Here we describe the implementation within E3SM and investigate the impacts of the parameterization on the model's aerosols, clouds and climate. Four sensitivity cases are tested, in which organic emissions either strictly add to or strictly replace sea salt emissions (in mass and number), 
aerosols participate in almost all of these processes. MAM assumes that within each mode, particles are internally mixed, so at a given time and location, all particles in a mode have identical fractional composition (as illustrated in Figure 1 ). As a result, most processes affect all aerosol species within a mode in an identical manner. E.g., if 5% (on a mass basis) of the Aitken mode particles coagulate with accumulation mode particles during a model time step, then 5% of the mass of each Aitken mode species is transferred to the corresponding accumulation mode species. Thus extending MAM to treat the new 5 MOA species involved little or no changes to processes modules, and nearly all process modules automatically treat the new MOA species. The exception was emissions, where MOA specific coding was added. Also, many processes utilize physical properties that are averaged or summed over all species in a mode (e.g., total mass mixing ratio used in many processes, or the dry-volume weighted hygroscopicity used in activation and water uptake processes), and the MOA species contribute to these.
MOA is initially emitted into either the accumulation or primary carbon mode (depending on initial mixing state assump-10 tions, see below) and the Aitken mode. Aitken mode particles and their MOA are transferred to the accumulation mode by growth processes (condensation of H 2 SO 4 and organic vapors and aqueous sulfate production) and coagulation. The transfer by growth processes is termed renaming, wherein particles that grow larger than a size cut of ca. 80 nm diameter are transferred. Primary carbon mode particles and their MOA are also transferred to the accumulation mode by condensational growth and coagulation. The transfer due to condensation is termed aging, and particles that acquire a specified number of sulfate 15 monolayers, or a hygroscopically equivalent amount of SOA, are transferred (Liu et al., 2012 (Liu et al., , 2016 . The aging criterion used was 3 monolayers, which resulted in an effective aging lifetime of approximately 2 days. The sensitivity of the model's aerosol lifetime to the aging criterion is discussed in Liu et al. (2016) . MOA and other aerosol species are also transferred to the coarse mode through evaporation of rain. When a rain drop completely evaporates, the aerosol material it contains (from in and below cloud scavenging that occurred at higher levels) is resuspended as a coarse mode particle. Because each rain drop is generally formed from thousands of cloud droplets, and the CCN on which each cloud droplet formed, the resuspended particle is generally of coarse mode size. This differs from the earlier MAM treatment (Liu et al., 2012) in which particles resuspended from evaporating rain are returned to their original 5 mode. This change mainly affects aerosol number concentrations (the number of particles resuspended is much smaller in the new treatment) and has a minor impact on aerosol mass concentrations.
Optical and cloud-forming properties of marine organic aerosol
Particle CCN activation is determined by the Abdul-Razzak and Ghan scheme (Abdul-Razzak et al., 1998; Abdul-Razzak and Ghan, 2000; Ghan et al., 2011) . The prescribed hygroscopicity for MOA is κ MOA = 0.1 (which is the hygroscopicity of,
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for example, xanthan gum, sometimes used as a proxy for marine organic matter (Dawson et al., 2016) ), compared with a sea salt hygroscopicity of κ NCl = 1.16, and the prescribed density of MOA is 1601 kg/m 3 , compared with a sea salt density of 1900 kg/m 3 ( Table 2 ). The optical properties of marine organic aerosol are prescribed to be identical to those of sea salt aerosol, and are parameterized according to Ghan and Zaveri (2007) . The marine organic aerosol does not contribute to ice nucleation in the current model configuration, but recent research indicates that marine organic particles can act as ice nucleating particles
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(INP), and may be an important source of INP to remote marine regions (Knopf et al., 2011; Burrows et al., 2013; Wilson et al., 2015; DeMott et al., 2016) , so this may be a fruitful avenue for future studies. Additionally, surfactant effects on aerosol activation (due to alteration of surface tension) are not treated, but evidence suggests that the organic matter in marine aerosol is highly surface active (Blanchard, 1963; Barger and Garrett, 1970; Blanchard, 1975; Loglio et al., 1985; Giovannelli et al., 1988; Oppo et al., 1999; Mochida et al., 2002; Tervahattu et al., 2002; Cavalli et al., 2004; Facchini et al., 2008) , and that 20 particle activation rates can be significantly modified for aerosol particles that contain salts mixed with substantial amounts of surfactants (e.g., 70% or more by mass) (Sorjamaa et al., 2004; McFiggans et al., 2006) , suggesting a possible role for surface activity of marine organic matter in altering the water uptake and growth of marine aerosol particles (Abdul-Razzak and Ghan, 2004; Ovadnevaite et al., 2011; Petters and Kreidenweis, 2013; Ruehl and Wilson, 2014; Ruehl et al., 2016; Dawson et al., 2016) . It has been suggested organic matter in submicron sea spray, by suppressing aerosol hygroscopic growth, may reduce the climate cooling associated with the scattering of sunlight by sea spray particles (direct aerosol effect) (Randles et al., 2004) .
3 Model simulations and analysis methods
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Several sensitivity simulations were performed, which were identical in their configurations, except for the changes in model physical assumptions described in Section 3.1. All simulations were performed as free-running atmosphere-only climate simulations with year 2000 boundary conditions and fixed sea surface temperature. Ocean macromolecular concentrations, which drive the calculation of OMF in emitted aerosol, are provided to the model as climatological monthly mean values, and are the same in each year of the model simulation. The model was allowed to spin up for a full year in order to allow MOA concentra-10 tions (initialized at zero throughout the atmosphere) to fully equilibrate in the atmosphere. After the first year, ten additional years were simulated and all further analysis was performed using the climatological monthly means of the ten years. The evaluation of these simulations by comparison with observations of marine aerosol number, mass, and chemistry is described in detail in a companion paper (Burrows et al., 2017) .
Description of sensitivity cases
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In implementing the emissions of marine organic aerosol, decisions must be made about a number of factors, in particular
(1) the mixing state of the aerosol, especially with respect to sea salt, with which it is co-emitted, and (2) An overview of the sensitivity cases tested is shown in Table 3 . In the control simulation, no marine organic aerosols are emitted. In the four sensitivity cases, marine organic aerosols are emitted using different assumptions in each case. In the "externally mixed" cases, emitted MOA is fully externally mixed with sea salt, meaning that it is emitted to the primary carbon mode. In the "internally mixed" cases, MOA is emitted to the soluble accumulation mode, together with sea salt (See Fig. 1 for schematic overview). Because MAM4 has only one Aitken mode, MOA emissions in the Aitken mode are internally mixed 5 with all other aerosol species in both cases.
3.1.1 Experimental evidence on sea spray mixing state response to ocean biology
Experiments in which sea spray aerosol is generated by breaking waves in the presence of induced phytoplankton blooms provide the most realistic physical model of the sea spray aerosol production process (Ault et al., 2013; Collins et al., 2013; Prather et al., 2013) . These experiments, combined with single-particle mass spectrometry and electron microscopy, have
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shown that the smallest emitted particles are primarily organic, and marine organic matter is typically mixed internally with sea salt upon emission for intermediate sizes. The vast majority of the largest particles are composed almost entirely of inorganic salts.
Experimental evidence on sea spray number flux response to ocean biology
Experiments that illuminate the impacts of phytoplankton activity on the total number and mass of particles emitted are fewer 15 and can be less straightforward to interpret. Perhaps the clearest experiment published to date that addresses this question may be Alpert et al. (2015) , which reported results from sea spray aerosol production in a phytoplankton mesocosm experiment using a plunging jet system for aerosol generation. They report an increase of sea spray aerosol (SSA) particle number concentrations in the tank by a factor of about three when phytoplankton and bacteria were present in the tank, with the increase occurring mainly for particles less than 200 nm in diameter. While bubble generation was turned off, particle counts 20 were the same with lights on and off, and the lamps used in the experiments put out photosynthetically active radiation with wavelengths of 400 to 700 nm (Alpert et al., 2015) . Thus it is unlikely that the results are due to either SOA formation or the recently-recognized mechanism of UV-initiated (wavelengths from 300-400 nm) photosensitized reaction pathways at the airwater interface Fu et al., 2015; Tinel et al., 2016; Bernard et al., 2016) . A similar observation was made in an earlier study by Fuentes et al. (2011) , where sea spray aerosol was artificially generated by a plunging multijet system,
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and aerosol emissions (d < 200 nm) increased substantially in the presence of phytoplankton exudates, with the magnitude of the increase varying depending on the phytoplankton species from which the exudate was derived.
Similarly, Long et al. (2014) also reported an increase in aerosol production in the presence of active biological production and light, in aerosol generation experiments using a plunging jet system to generate aerosol from natural seawater, onboard a ship. Increased aerosol production was observed only during daytime, and only in the biologically-active waters of George's
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Bank (a coastal ecosystem); an increase was not observed in the oligotrophic waters of the Sargasso Sea. It is unclear, however, what the source of the increased aerosol production in these experiments was: this observation might be explained by photochemical oxidation of volatile precursors in the presence of light, leading to secondary organic aerosol formation, or Table 3. alternatively might be the result of photosensitized reactions at the water surface, or of a response of biological systems to the availability of light for photosynthesis.
Significance testing
The statistical significance of differences induced by the introduction of marine organic aerosol emissions is presented for some key model fields in this paper. In each case, statistical significance of changes in a monthly or seasonal mean field was over much of the globe in all sensitivity cases. However, in the ADD cases, much higher annual mean concentrations are produced, which can exceed 2.5 µg m (2013)). Note that the Mace Head samples were selected for "clean marine" conditions as described in Rinaldi et al. (2013) , and that pristine conditions typically prevail at Amsterdam
Island. Dashed lines represent the standard deviation of measurements from the same month, where more than one observation was available for a given month. Bottom: Observed and simulated seasonal cycle, organic mass fraction of aerosol as reported under clean marine sampling conditions, Mace Head, Ireland (d < 1.5 µm; (Rinaldi et al., 2013) ), and Point Reyes, California (d < 2.5 µm; (Gantt et al., 2011) ).
emissions of MOA required to achieve a given value of OMF are much higher in the ADD case than in the REPLACE case.
Global mean concentrations are slightly higher in the externally-mixed cases, a reflection of the longer atmospheric residence time of aerosol emitted into the externally-mixed primary carbon mode, until it is aged into the accumulation mode. Figure 3 shows the seasonal zonal mean changes in several relevant model fields, for all four sensitivity cases. As the number of total aerosol particles increases in the ADD cases, this leads directly to increases in boundary-layer CCN concentrations (at The upper right panel of Figure 4 compares the seasonal cycle of WIOC at Mace Head, Ireland. Observations at this site have been filtered for "clean marine" conditions as described in Rinaldi et al. (2013) , so we assume that these samples are 15 relatively unaffected by continental OC sources, and compare with the simulated marine OC mass only. At Mace Head, the "add" cases clearly match the observed seasonal cycle far better than the "replace" cases, with both a lower annual bias in the annual mean (-62%, EXT_REPLACE; -64%, INT_REPLACE; -33%, EXT_ADD; -38%, INT_ADD) and a higher correlation (ρ = 0.56, EXT_REPLACE; ρ = 0.67, INT_REPLACE; ρ = 0.81, EXT_ADD; ρ = 0.77, INT_ADD). Again, the best correlation is achieved in the INT_ADD case.
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The lower panels of Figure 4 compare the modeled and observed OMF at Mace Head (left) and at Point Reyes, California (right), where observations have also been screened for "clean marine conditions" in a similar fashion to those from Mace Head. Although the OMF of emissions is fixed, the ADD cases simulate higher OMF in boundary-layer aerosol at Mace Head; such a discrepancy can occur if aerosol from lower-OMF and higher-OMF regions mixes, due to the fact that the total aerosol number and mass will be increased disproportionately more in the high-OMF regions for ADD cases. Once again, the ADD cases We have shown that the ADD cases produce better agreement with observed seasonal cycles of marine organic aerosol, and in Section 3.1 we discussed laboratory experiments by Fuentes et al. (2011) and Alpert et al. (2015) showing an increase in (2015) showed from top-down satellite constraints that cloud drop number concentrations are elevated above phytoplankton blooms, suggesting an increased number of CCN in those regions that could not be explained by modelled sulfate or sea salt aerosol. Taken together, we believe these three strands of evidence support the hypothesis that the number and mass of emitted aerosol increase in the presence of phytoplankton blooms, and that the ADD cases are more physically realistic. Experimental 5 evidence also suggests that particles in the accumulation mode are largely internally mixed (e.g., Prather et al., 2013) , so this will be the more realistic assumption for the size range that primarily impacts CCN. Based on this analysis, we conclude that the INT_ADD case is the most physically-realistic of the four sensitivity cases, and our remaining analysis focusses on this configuration of the model.
Changes in aerosol emissions, chemistry, and amount between INT_ADD and CNTL
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Introducing the marine organic aerosol representation (INT_ADD configuration) directly impacts aerosol chemistry, aerosol number emissions and concentration, and CCN number, particularly over biologically-active marine regions. The top panels of Figure 5 show the annual mean organic mass fraction in the boundary layer and at 850 hPa. Over emission "hot spots" such as southeast of South America, OMF is slightly lower at 850 hPa, relative to the boundary layer, likely due to mixing with lower-OMF aerosol from non-local sources. However, overall the OMF at 850 hPa is quite similar to OMF in the model's 15 surface layer, indicating that sea spray organic matter is transported with sea salt to altitudes relevant for cloud formation.
The second row of Figure 5 shows the absolute and relative annual mean changes in annual mean accumulation mode aerosol Absolute changes in annual mean areal cloud fraction for low, mid-level, and high clouds do not exceed 6% at any location, and local differences in cloud areal fraction mostly do not pass criteria for statistical significance (not shown). This implies In an earlier study to which some of us contributed (McCoy et al., 2015) , we analyzed spatial and regional patterns in satellite- (with the negative sign indicating additional cooling) in this region in the INT_ADD case (Table 5 ; Figure 3 ). As shown in Table 5 , this is about three times the global annual short-wave cloud forcing simulated by Gantt et al. (2012) , where the aerosol and Leck, 2001; Leck et al., 2002; Lohmann and Leck, 2005; Leck and Bigg, 2005; Orellana et al., 2011) . The model responds to these emissions of marine organic matter in the Arctic with a strengthening of zonal mean SWCF in the EXT_ADD case, and weaker responses in SWCF in the other sensitivity cases (Figure 3 ).
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In contrast with the Southern Ocean, inputs of marine organic aerosol in the North Atlantic and North Pacific do not have appreciable impacts on the clouds there. This is mainly because significant changes in clouds arise where there are large relative changes in CCN number concentrations. Changes in aerosol and CCN concentration in the North Atlantic are statistically significant and of similar absolute magnitude to changes in the Southern Ocean, but in the northern hemisphere, these marine organic aerosol inputs sources are small relative to the continental aerosol sources that dominate the aerosol population in this 25 region. In the Southern Hemisphere, where continental sources are minimal, the impact is much larger.
Summary, conclusions and outlook
The parametrization of sea-spary organic aerosol emissions into the atmospheric aerosol described in Burrows et al. (2014) has been implemented into a global atmosphere model, and the responses of the model's clouds and climate to the introduction of this new aerosol source have been characterized in atmosphere-only simulations (with fixed sea surface temperature). Four 30 configurations were tested, which assume full internal or external mixing of sea-spray organic and salt aerosol emissions, and assume that the sea-spray organic emissions partially replace or are added to the sea-spray salt emissions.. Based on a review of experimental evidence (Fuentes et al., 2010; Alpert et al., 2015) , better agreement with observed seasonal cycles (this paper), and indirect evidence from analysis of satellite-observed variability in cloud drop number concentration (McCoy et al., 2015) , we conclude that of these four cases, the INT_ADD case (organic emissions internally mixed and added) is the most realistic.
However, the parameterization could be refined in the future by allowing an intermediate range of assumptions; furthermore, the extent to which aerosol concentration is increased by the presence of phytoplankton is likely a function of the phytoplankton 
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OCEANFILMS departs from previous parameterizations of sea-spray organic emissions in that it is mechanistically-based rather than empirical. As a result, OCEANFILMS offers a path towards better understanding and representation of the driving mechanisms affecting geographic and seasonal patterns in sea spray organic matter emissions and properties. Additional work is needed to identify how sea-spray organic aerosol emissions may respond to shifts in ocean biology and chemistry in response to ocean acidification, warming, and changes in circulation patterns.
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Future work should also explore potential impacts of the effects of the surface activity of marine organics on sea spray aerosol water uptake and activation, and potential interactions of surface tension with sea surface temperature to impact emissions.
Extensions of this parameterization could also potentially be applied to investigate impacts of ocean surface tension on seaair fluxes of trace gases, momentum exchange, and latent and sensible heat flux, due to the suppression of microscale wave breaking by surfactants (Frew et al., 2004; Zappa et al., 2004) . Surface-tension reduction by marine biosurfactants in the sea-25 surface microlayer can also impact aerosol deposition to the ocean surface (del Vento and Dachs, 2007) , and the enrichment of surfactants at the sea-surface microlayer can lead to emission of contaminants from water surfaces (Radke and Herrmann, 2003; McMurdo et al., 2008) .
Code and data availability. The E3SM model source code is expected be released to the public in early 2018. In the interim, the code modifications and input datasets for adding the OCEANFILMS treatment of sea-spray organic emissions are available from the corresponding 30 author upon request. 
